A glycoprotein C-prM of 35000 M r was immunoprecipitated from lysates ofAedes albopictus cells infected with dengue virus type 2 (DEN-2) using antisera directed against the C protein or an amino-terminal fragment of the prM glycoprotein. C-prM was not detected in infected Vero cells. The prM glycoprotein synthesized in infected A. albopictus and Vero cells was cleaved to produce the membrane-associated virion protein (M) and the non-M fragment (pr) immediately preceding or occurring simultaneously with the release of viral particles from cells. The cleavage was less efficient in mosquito cells. The pr fragment was found only in the medium and was not rapidly degraded. To obtain prspecific and M-specific antisera for these studies, proteins containing fragments of DEN-2 prM fused with staphylococcal Protein A were synthesized in Escherichia coli using the expression vector pRIT2T. The fusion proteins were stable and were used to raise antisera in rabbits for immunoprecipitation of radiolabelled cell extracts and culture medium. This is the first report of the detection of a C-prM protein in flavivirus-infected cells and the identification of the pr component of prM.
Introduction
Dengue virus type 2 (DEN-2) is a member of the family Flaviviridae. The RNA genome is of positive polarity and approximately 11 kb in length. The nucleotide sequences of several strains of DEN-2 have been published (Deubel et al., 1986 (Deubel et al., , 1988 Hahn et al., 1988; Irie et al., 1989) . In flavivirus-infected cells the viral structural and non-structural proteins are formed by proteolytic cleavage of a polyprotein (for review see Chambers et al., 1990a) . We are particularly interested in the processing of the structural proteins C (core protein), prM (precursor to the membrane-associated protein M) and E (envelope protein), which are encoded by the 5' end of the genome in that order, and are released by cleavage with host signalase (Castle et al., 1985; Rice et al., 1985; Nowak et al., 1989; Gruenberg & Wright, 1992) .
In virions the C protein is associated with viral RNA and contains a high proportion of the basic amino acids Lys and Arg. When synthesized as part of the polyprotein it has a hydrophobic domain at its carboxy terminus which apparently acts as a signal sequence for the insertion of prM into the rough endoplasmic reticulum (Nowak et al., 1989) . The glycoprotein prM is found in some virus preparations and in a 70S particle which lacks viral RNA and is known as 'slowly sedimenting noninfectious haemagglutinin' or SHA (Russell et al., 1980) . SHA also lacks C but contains M and E. The proposal that prM is proteolytically cleaved to M (Shapiro et al., 1972) was supported by nucleotide and amino acid sequencing of yellow fever (YF) and West Nile (WN) virus genomes and proteins (Castle et al., 1985; Rice et al., 1985) . Analyses of WN, DEN-2 and tick-borne encephalitis (TBE) viruses suggest that the cleavage is necessary for full infectivity of virions Randolph et al., 1990) and possibly fusion activity (Guirakhoo et al., 1991) . The cleavage may occur in acidic post-Golgi vesicles at a strongly basic site, which is Arg-Arg-Glu-Lys-Arg/Ser-Val-Ala in DEN-2 (Deubel et al., 1986; Randolph et al., 1990) . It has been suggested that a host protease is responsible, possibly the same one implicated in the cleavage of envelope glycoproteins of viruses belonging to other families (Rice et al., 1985; Strauss et al., 1987) . The amino-terminal fragment of prM generated by the cleavage, which we designate pr, has not been unambiguously identified as no suitable antiserum for its detection has been available. The carboxy terminus of prM has been determined, and there are two hydrophobic regions at the terminus that may act to anchor the prM and M proteins in the lipid bilayer of the virion envelope (Nowak et al., 1989; Wright et al., 1989) . The results obtained by protease digestion of TBE virus suggest that at least part of M is exposed on the virion surface (Heinz & Kunz, 1979) . Polyclonal antibodies against M of Japanese encephalitis virus have some neutralizing activity (Takegami et al., 1982) , and prM-0001-1232 © 1993 SGM specific monoclonal antibodies (MAbs) protect mice against dengue infection (Kaufman et al., 1989) .
There is little or no inhibition of host protein synthesis in flavivirus-infected cells (Westaway, 1973) . Thus in order to follow the processing of the viral proteins and to define their function, monospecific antisera directed against polypeptides encoded by selected regions of the genome are required. In this paper the synthesis of bacterial fusion proteins containing staphylococcal Protein A and segments of DEN-2 prM are described. Using polyclonal antisera raised against these fusion proteins and MAbs directed against C, we have studied the cleavage of prM in infected Vero and Aedes albopictus cells, and identified a C-prM protein in the mosquito cells.
Methods

Cells and virus.
Veto and A. albopictus C6/36 cells were grown and maintained as described by Smith & Wright (1985) . Clarified cell culture medium obtained from C6/36 cells infected with the New Guinea C strain of DEN-2 was used as virus stock.
Construction of expression plasmids, cDNA fragments of the New Guinea C strain of DEN-2 (Gruenberg et al., 1988) were inserted into the unique BamHI site of the plasmid expression vector pRIT2T (Nilsson et al., 1985; Lowenadler et al., 1986) purchased from Pharmacia LKB Biotechnology (Fig. 1) . This vector contains a truncated version of the staphylococcal Protein A gene (designated A') under the control of the ,~ P~ promoter. The cDNA fragments encoded substantial portions of pr or M (Fig. 1 ). The plasmids with inserts were designated pRIT2T-pr and pRIT2T-M.
Preparation of fusion proteins. The plasmids were transformed into Escherichia coli N4830-1 which contains the temperature-sensitive 2 ci857 repressor. Cells were grown to early stationary phase at 30 °C, shifted to 42 °C and incubated for 90 min. The cells were lysed with a French Press and the proteins partially purified by affinity chromatography using an IgG-Sepharose 6 Fast Flow column. The procedures used were those recommended by Pharmacia for the Protein A system. Antisera. Antisera to the partial!y purified fusion proteins were raised in outbred New Zealand rabbits by four or five intramuscular inoculations of antigen emulsified in complete Freund's adjuvant. Animals were bled 7 to 10 days after the final boost. MAbs to the C protein were prepared by using spleen cells from mice immunized with the DEN-2 C protein. A pool of five MAbs was used for radioimmunoprecipitation. All MAbs reacted with the region 9Arg-Asn-ThrPro-Phe-Asn-Met-Leu-Lys-Arg-Glu z9 of the DEN-2 C protein (Bulich & Aaskov, 1992) .
Radiolabelling of infected cells. Vero cells were infected with virus at 0.2 p.f.u./cell for 1 h. Approximately 72 h after infection the cells were washed, and maintenance medium containing 3 pg/ml actinomycin D and a reduced amount of methionine (0-5 gg/ml) was added. Two to 3 h later the cells were radiolabelled with 200 gCi/ml of [35S]methionine (Tran35S-Label, ICN) for 30 min. The cells were then washed twice with maintenance medium containing excess methionine (75 gg/ml) and incubated in this medium for the times indicated. In some experiments excess cysteine (88 lag/ml) was also added. C6/36 cells were infected at 0.5 p.f.u./cell and radiolabelled as for Vero cells except that labelling commenced at 48 h after infection and the medium contained 0-1 mM non-essential amino acids. Cells were also radiolabelled in the presence of 5 or 10 gg/ml tunicamycin. The inhibitor was added to the cells at the same time as actinomycin D and maintained in the medium during the labelling and chase period.
After radiolabelling the cells were placed on ice. (i) The medium was collected and cell debris removed by centrifugation. An equal volume of 1% Triton X-100 in 2 x lysis buffer (lysis buffer: 50 mM-Tri~HC1 pH 7.5, 0-15 M-NaCI, 5 mM-EDTA, 2.5 mM-iodoacetamide, 10 gg/ml TLCK, 10 lag/ml TPCK, 10 gg/ml aprotinin, 1 mM-PMSF) was added and the samples were stored at -70 °C. (ii) Cells were washed twice with ice-cold PBS and lysed by the addition of lysis buffer containing either 1% SDS or 0-5% Triton X-100. After 15 min, cell debris was removed by centrifugation (13 000 g for 15 min) and the samples were stored at -70 °C.
Radiolabetled virus. Cells were radiolabelled for 1 h as above. After a 20 h chase the medium was harvested, clarified by a low speed (Gruenberg et al., 1988) inserted into pRIT2T. Numbers indicate the first nucleotide of a gene and correspond to those of Irie et al. (1989) . (b) Coding region of the truncated Protein A gene (designated A') contained in pRIT2T. The nucleotide numbers in italics correspond to those of Uhlen et al. (1984a, b) . (c) Nucleotide sequence at the multiple cloning site (MCS) in the Protein A' gene. Numbering as in (b). All DEN-2 cDNA fragments were cloned into the BarnHI site (GATC overhang is underlined). (d) pRIT2T-pr: a BamHI-Sau3AI fragment encoding the C-terminal 66 amino acids of the pr portion of prM was cloned into pRIT2T. Lower case letters indicate nucleotides derived from pUC8 used in the original DEN-2 cDNA cloning (Biedrzycka et al., 1987; Gruenberg et al., 1988) . (e) pRIT2T-M: a Sau3AI fragment encoding the first 36 amino acids of M was cloned into pRIT2T. In this construct the continuing reading frame downstream of the insertion was that of the Protein A' gene (Uhlen et al., 1984a, b) .
centrifugation and re-centrifuged at 440000 g for 30 min. The supernatant fluid was removed and treated as described above for cell culture medium. The pellet was resuspended in lysis buffer containing 1% SDS (Vero cells) or 0.5 % Triton X-100 (C6/36 cells).
Radioimmunoprecipitation (RIP). Samples in lysis buffer containing
Triton X-100 were diluted with an equal volume of lysis buffer which lacked detergent. Samples in lysis buffer containing SDS were diluted 10-fold and adjusted to 0.25 % (v/v) Triton X-100. The radiolabelled preparations were incubated with antibody at 4 °C for 16 h. Protein A~ or Protein G-Sepharose was added and the mixture maintained at 4 °C for 3 h. After three washes in lysis buffer (lacking protease inhibitors but containing 0.25 % Triton X-100), the viral proteins were eluted from the Sepharose beads by heating at 40 °C for 30min in electrophoresis sample buffer (Schfigger &von Jagow, 1987).
Endoglycosidase digestion. Proteins for treatment with endoglycosidase F (endo F) were prepared by RIP, and eluted from the Sepharose beads by heating at 100 °C for 5 min in buffer containing 100 mM-sodium acetate pH 5-5, 0-2% SDS, 20 mM-EDTA and 0-2 M-2-mercaptoethanol. An equal volume of this buffer containing 20 mM-EDTA, 1% n-octylglucoside, 2 mM-PMSF and 0"25 units of endo F was added, and the samples were incubated at 37 °C for 16 h. Proteins for digestion by endo H were similarly prepared by RIP and elution from the Sepharose beads in 100 mM-sodium acetate pH 5.5,0.2 % SDS and 0.2 M-2-mercaptoethanol at 100 °C for 5 min. An equal volume of buffer containing 2 mM-PMSF and 0-005 units of endo H was added, and the samples were incubated at 37 °C for 16 h.
Gelelectrophoresis of radiolabelled proteins. Proteins were separated
by PAGE using a tricine-SDS buffer described by Sch/igger & yon Jagow (1987) . A 16.5 % T, 3 % C separating gel with no spacer gel was used; T represents the total percentage concentration of both acrylamide and bisacrylamide, and C represents the percentage concentration of the crosslinker relative to the total concentration T. After electrophoresis the gel was processed for fluorography. M,. markers were purchased from Amersham Australia and DuPont-NEN.
Results and Discussion
Fusion proteins
The plasmids pRIT2T-pr and pRIT2T-M encoded fusion proteins with predicted Mrs of 39000 and 42000 respectively. The pr fusion protein contained the carboxyterminal 66 amino acids of pr. The M fusion protein contained the amino-terminal 36 amino acids of M. This latter protein lacked the the hydrophobic carboxy terminus of M but possessed an additional 69 amino acids of the Protein A' at its carboxy terminus (Fig. 1) . The synthesis of the fusion proteins was induced by a temperature shift from 30 °C to 42 °C and the proteins were partially purified by affinity chromatography using IgG Sepharose. A polypeptide corresponding to Protein A' (predicted Mr 31000) was purified from cells carrying pRIT2T (Fig. 2, lane 1) . The apparent M r values of new polypeptides in cells carrying the DEN-2 constructs were 39000 (pRIT2T-pr) and 42000 (pPRIT2T-M) (Fig. 2,  lanes 2 and 3) . Thus the predicted and apparent M~ for the full-length fusion proteins were in complete agreement.
Dengue virus prM and C-prM 177
The fusion proteins were stable, as additional polypeptides migrating faster than full-length proteins were not detected (Fig. 2) . A TrpE/M fusion protein of YF virus was not stable (Chambers et al., 1990b) ; however, in this case the YF fusion protein contained a larger fragment of viral polypeptide (amino acids 2 to 72 of M, total length 75 amino acids) including the carboxy terminal hydrophobic domain. Thus the stability of our DEN-2 M fusion may have been due to the absence of hydrophobic sequences, or to the use of a different expression vector, or as a result of both of these. The two DEN-2 fusion proteins elicited an antibody response in rabbits as measured by ELISA (not shown) and immunoprecipitation (see below), providing reagents specific for the pr and M portions of prM. The antisera were used in subsequent experiments to examine the proteolysis of prM and the release of the cleavage products from infected Vero and A. albopictus cells.
Detection of pr, prM and C-prM
Infected
Vero cells were pulse-labelled with [~SS]methionine for 30rain and chased with excess methionine for various times up to 4h. Immunoprecipitates of cell lysates and culture media obtained using the pr-specific antiserum were analysed by electrophoresis through polyacrylamide gels (Fig. 3) containing tricine-SDS (Sch/igger & yon Jagow, 1987). Use of the tricine buffer improves the separation of low M e proteins. The remainder of the figures show gels which were electrophoresed using this system. The cell-associated protein prM migrated as a broad band composed of multiple species at a position consistent with its predicted M~. of 21200 (allowing one N-linked glycan of 2300) (Smith & Wright, 1985) . The broad band possibly resulted from heterogeneity in glycosylation (Smith & Wright, 1985) or from other unknown post-translational modifications (Chambers et al., 1990b) such as trimming at the carboxy terminus (Jou et al., 1980) . Protein prM was detected within Vero cells 30 rain after the addition of radiolabel (Fig. 3 a) . In contrast, the radiolabelled protein designated pr was not associated with cells even following long chases (Fig. 3 a) , but increased rapidly in the medium between 1.5 and 2"5 h after the addition of label (Fig. 3b ) and migrated as a broad band upon electrophoresis. A very small proportion of prM was detected in the medium following an extended chase (Fig. 3 b) , but only one of the multiple cell-associated bands was represented.
The use of a gel system designed to resolve proteins of small Mr and a monospecific antiserum raised against a fusion protein allowed us to identify pr unambiguously for the first time, although previously a heterogeneous protein of 15 000 to 20 000 Mr was immunoprecipitated from the medium of DEN-2-infected BHK cells by a prM-specific MAb (Randolph et al., 1990) . The migration of pr through the gel was consistent with its predicted M r of 12800, including one N-linked glycan of 2300. The complete lack of pr associated with cells and the very small proportion of prM relative to pr in the medium supported the proposal that cleavage of prM occurred at or immediately preceding its release from the Vero cells. If cleavage had occurred some time before release, pr would have been detected in association with cells. If cleavage had been significantly delayed following release, more prM would have been detected in the medium. Thus our results using Vero cells showed that (i) the majority of prM molecules were cleaved at the time of release from the cell, possibly in acidic vesicles between the Golgi apparatus and the plasma membrane (Randolph et al., 1990) , (ii) the pr protein did not remain associated with the cell surface but was released into the medium, (iii) pr was not rapidly degraded extracellularly and (iv) the amount of labelled pr in the medium increased sharply between 1-5 h and 2.5 h following the addition of radioactive amino acid.
An experiment similar to that shown in Fig. 3 was completed using infected A. albopictus C6/36 cells, and the results in general supported the findings using Vero cells. Once again pr was not detected in association with cells (Fig. 4a) , but was present in the medium (Fig. 4b) , and both prM and pr migrated as heterogeneous bands. However, three differences were noted. First, the proportion ofprM relative to pr in the medium (Fig. 4b) was much greater than that observed in Fig. 3 (b) , suggesting that cleavage of prM was delayed, or did not occur, in some molecules released from mosquito cells. Second, the sharp increase in labelled pr in the medium occurred after 2.5 h, later than for Vero cells, perhaps reflecting the lower incubation temperature of mosquito cells (28 °C). Third, a band corresponding to a protein of 35 000 M r was observed in cells (Fig. 4a) , corresponding in size to C-prM of predicted M r 34300, allowing for one N-linked glycan (Smith & Wright, 1985; Gruenberg et al., 1988) . The protein was unstable following a chase, but it was not clear whether protein degradation or processing to C and prM occurred during this time.
To confirm the identity of C-prM, immunoprecipitates of infected mosquito cells were prepared using a pool of Immunoprecipitates were prepared using a pool of MAbs directed against C. Cells were pulse-labelled for 30 min and chased for the following periods: 0, 2, 4, 8 and 24 h (lanes 2 to 6 respectively). Lane 7 was mock-infected and chased for 0 h. Lanes 1 and 8 contain M r markers.
five MAbs which recognized the region of C consisting of residues 9 to 19. The results are shown in Fig. 5 . The immunoprecipitates contained the protein of 35000 M s i.e. C-prM, and C. The predicted M,. of anchored DEN-2 C containing the carboxy hydrophobic sequence is 13 200, whereas the predicted M r for virion C lacking the sequence (Nowak et al., 1989; Speight & Westaway, 1989 ) is 12000. Under the labelling and electrophoretic conditions used in this experiment, only one polypeptide of 12 500 Mr was detected, marginally closer in size to the truncated C. Once again the amount of C-prM declined during the chase as observed in the previous experiment, suggesting that it was possibly a true precursor of C and prM. The amount of C also had declined after a 4 h chase, probably due to the release of virus from the cell. Previously, a protein the size of C-prM was observed following cell-free translation of flavivirus RNA (Svitkin et al., 1981; Markoff, 1989; Nowak et al., 1989; RuizLinares et al., 1989) , but not in flavivirus-infected cells (Chambers et al., 1990b) . In the present experiments we used both C-and pr-specific antisera, and thus are confident that the protein we observed in A. albopictus C6/36 cells was DEN-2 C-prM. The cleavage between C and prM, presumably by signalase, is clearly more efficient in Vero cells than in mosquito cells. The reason for this is currently unknown, but as postulated above for the delayed appearance of pr, it may be a consequence of the lower incubation temperature for mosquito cells (28 °C rather than 37 °C).
Tunicamycin treatment and endoglycosidase digestions
The protein C-prM was predicted to contain one Nlinked glycan from analysis of the deduced amino acid sequence of the New Guinea C strain of DEN-2 (Gruenberg et al., 1988 , Irie et aL, 1989 and fi'om consideration of the earlier characterization of prM from infected cells (Smith & Wright, 1985) . To determine the extent of glycosylation of the protein, infected mosquito cells were pulse-labelled for 30 min with [*SS]methionine in the presence of tunicamycin and immunoprecipitates of cell lysates were prepared using anti-pr antiserum. The apparent M s of both C-prM and prM decreased by approximately 3000 (Fig. 6 ). This change was consistent with the presence of one potential N-linked glycosylation site. The M r of C was unchanged (not shown).
When DEN-2-infected Vero or C6/36 cells were pulselabelled for 30 rain and chased for 6 h in the presence of tunicamycin, no pr was detected either associated with the cells or in the culture medium (not shown). Two alternative conclusions were possible: either unglycosylated prM was not cleaved, or cleavage occurred and unglycosylated pr was rapidly degraded.
Immunoprecipitates of cell lysates and culture medium pulse-labelled for 1 h and chased for 20 rain were also treated with endo F or endo H. The results obtained using the two enzymes were identical (Fig. 7) , and demonstrated that C-prM, prM and pr were glycosylated but lacked complex N-linked glycans. As in earlier gels, 13 VIR 74 Immunoprecipitates were prepared using pr-specific antiserum. Fig. 7 . Analyses of DEN-2-infected A. albopictus cells pulse-labelled for 1 h and chased for 20 min. Immunoprecipitates were prepared using pr-specific antiserum. Cells in lane 1 only were radiolabelled in the presence of 5 gg/ml tunicamycin. Glycoproteins in the cell lysate (lanes 2 to 5) or culture medium (lanes 6 to 9) were digested with endo F (lanes 3 and 7) or endo H (lanes 5 and 9), or were left undigested (lanes 2, 4, 6 and 8).
broad bands containing multiple species were observed for pr and prM, both before and after enzyme treatment, whereas one major band was observed for C-prM. One may speculate that the heterogeneity of pr and prM resulted from modifications other than glycosylation. The nature of these modifications is unknown. Although such heterogeneity has been noted previously (Chambers et al., 1990b; Randolph et al., 1990) , it was more apparent using the gel system described here.
Analysis of cell culture medium Shapiro et al. (1972) made the original proposal that prM (NV2 in the old nomenclature) is cleaved to form M (V1) late in virion morphogenesis. This was based on the analysis of intracellular virus (I forms) and of particles released from cells maintained in normal medium (N forms) or in Tris-containing medium (T forms). Consequently, having established that pr was found only in the culture medium ( Fig. 3 and 4) , we wished to confirm the presence of M, the other product of the cleavage of prM, and demonstrate that M and not pr was associated with sedimentable particles.
Immunoprecipitates of the culture media from infected Vero and mosquito cells were prepared using the antisera directed against pr or M (Fig. 8 a and b) . As expected, the antiserum raised against the M fusion protein immunoprecipitated prM and M, but not pr, demonstrating its specificity.
The culture medium was centrifuged at 440 000 g for 30 min to pellet both virions and SHA. Virions contain E, C, M and in some instances prM, whereas SHA lacks RNA and contains E, prM and M but no C (Nowak et al., 1989; Russell et at., 1980) . The pellet was resuspended and then analysed by immunoprecipitation and electrophoresis. The results for the medium of mosquito cells are shown in Fig. 8 (c) . Similar results were obtained using Vero cells (not shown). The pellet (lanes 1 to 3) contained prM (presumably in SHA and immature virions), M (in SHA and virions) and C (in virions only) (Russell et al., 1980) . No pr was detected in the pelleted material, indicating its lack of association with virus particles or other sedimentable cell debris. The supernatant fluid (lane 4) obtained following ultracentrifugation contained pr and some prM, the latter possibly from lysed cells or disrupted particles.
In conclusion, we identified the amino-terminal portion pr of prM of DEN-2, formed when the precursor protein was cleaved to generate the virion protein M. The migration of pr through gels indicated some heterogeneity of the protein, which may have arisen through glycosylation or some other post-translational modification. The cleavage occurred as prM was released from the cell, pr being released into the medium. The protein pr was stable and did not remain on the cell surface, nor associated with viral particles (Fig. 7 c) . In infected mosquito cells, the cleavages to release prM from C and M from pr were delayed or incomplete when compared with the same events in Vero cells.
